INTRODUCTION

temporal Sr isotope evolution, implying that the low-silica rhyolites
Recent detailed isotopic studies of pre-caldera highsampled the bulk of the magma chamber whereas the high-silica silica rhyolites from the Long Valley magmatic system rhyolites represent the upper, isolated, parts of the magma chamber, suggest that the conventional approach of monitoring where they resided for >30 and <300 kyr. After the eruption of the eruptive volumes of silicic magmatism through time the Bishop Tuff, the Long Valley magma chamber was well mixed (e.g. Smith, 1979; Spera & Crisp, 1981) as a proxy for for the first~400 kyr of its evolution and produced rhyolitic magmas magma formation rates may be far too simplified and at an average of~0·0001 km 3 /year. Upon stratification post 400 that rhyolitic magmas can form rapidly (Halliday et al., ka, tens of km 3 of chemically more evolved magma were rapidly 1989; Halliday, 1990; Mahood, 1990; Davies et al., 1994; produced. Magma addition to the system was at a constant rate and more frequent than eruptions.
Christensen & Halliday, 1996; Davies & Halliday, 1997) .
Rhyolite production rates comparable with those of Tuff (Halliday et al., 1989; Metz & Mahood, 1991; Christensen & Halliday, 1996; Davies & Halliday, 1997) . basaltic systems (10 -2 km 3 /year) and storage times of >100 kyr have been inferred. Notwithstanding the thermal Subsequent to the eruption of the Bishop Tuff, the Long Valley magmatic system persisted to produce magmas of constraints imposed by the apparent longevity of such magma batches (e.g. Sparks et al., 1990) , the almost predominantly rhyolitic composition. The post-caldera magmatic evolution of the Long Valley system has preunique chemical signatures revealed in those studies are difficult to reconcile with contrary petrogenetic models, viously been summarized by Bailey et al. (1976) , Mankinen et al. (1986) , and . After formation of the where rhyolites originate by rapid fusion of crustal sources, followed by immediate ascent and eruption Long Valley caldera, early post-caldera rhyolites (>75 (Huppert & Sparks, 1988; Sparks et al., 1990) . km 3 ) were erupted between 750 and 650 ka forming a At Long Valley, rhyolitic volcanism resumed im-Resurgent Dome (Fig. 1) . These aphyric to sparsely mediately after caldera formation at 760 ka (Pringle et porphyritic rhyolites contain only rare amounts of plaal., 1992; van den Bogaard & Schirnick, 1995) and gioclase, orthopyroxene, biotite and Fe-Ti oxides, and has persisted episodically ever since. Several previous probably represent subaerial expressions of early granogeochemical studies have been carried out on the post-phyric intrusions found within the intracaldera Bishop caldera magmatism within the caldera structure (e.g. Tuff (McConnell et al., 1995) . Following formation of the Baranowski & Harmon, 1978; Bailey, 1984;  Tanzer & Resurgent Dome and a quiescent period of~100 kyr, Macdougall, 1984; Cousens, 1992 ), yet to date there are three groups of more crystal-rich moat rhyolites erupted no systematic combined chemical and isotopic data for at~200 kyr intervals. Eruption started to the north of the post-caldera rhyolites.
the resurgent dome and the locus of activity migrated In this study we present comprehensive major, trace clockwise around the Resurgent Dome (Fig. 1) . Two element and isotope data for all post-caldera rhyolitic petrographically different types of moat rhyolites have units of the Long Valley system and evaluate the chemical been distinguished by mainly based on their evolution of the magma chamber with particular ref-phenocryst and silica contents: (1) low-silica rhyolites with erence to the timescale and rate of evolved magma a mineral assemblage of quartz, sanidine, plagioclase, generation.
biotite and hornblende; (2) high-silica rhyolites with a similar mineral assemblage but lower mineral abundances. The youngest group of moat rhyolites (~100 ka) tem-
GEOLOGICAL BACKGROUND
porally and spatially overlaps basaltic and quartz latitic lavas erupted between about 200 and 50 ka in the west The Pliocene to Recent Long Valley magmatic system evolved at the northern end of Owens Valley, California, moat of the caldera (Mankinen et al., 1986; Cousens, 1992) . These more mafic rocks follow a general between the eastern front of the Sierra Nevada and the western margin of the Basin and Range Province. An south-north trend of basaltic to intermediate lavas extending from Mammoth Mountain to Mono Lake, and outline of the regional geology and the stratigraphic relations among volcanic units, including references to are aligned with the Mono Craters and Inyo Craters (Fig. 1) , the youngest expression of rhyolitic volcanism the vast number of publications on the Long Valley area, has been given by .
in the Long Valley region. The Mono Craters chain consists of 30 overlapping The most prominent feature of the Long Valley magmatic system is the establishment of a large silicic magma rhyolitic domes located 10 km north of Long Valley caldera. The major volume of the volcanic chain erupted chamber, which produced evolved rhyolites over the last 2·1 Myr (Bailey et al., 1976) . The magma chamber 1·2 and 0·6 kyr ago (Sieh & Bursik, 1986 ) from a relatively deep (10-20 km) magmatic source (Achauer et al., 1986 ; evolution culminated in the catastrophic eruption of the voluminous (>600 km 3 ), chemically zoned Bishop Tuff Dawson et al., 1990) , probably unrelated to the main Long Valley magma chamber (Bailey et al., 1976; Bailey, (Hildreth, 1979) and consequent formation of the Long Valley caldera at 760 ka (Pringle et al., 1992; van den 1984; Dawson et al., 1990) .
The most recent rhyolitic eruptions associated with the Bogaard & Schirnick, 1995) . During the preceding 1·3 Myr period of pre-caldera activity, high-silica rhyolites caldera occurred coeval with the Mono Craters eruptions, forming the Inyo Domes, a chain of mainly 0·6 kyr old (>50 km 3 ) were episodically erupted at Glass Mountains, north-east of the current caldera structure (Metz & Ma-domes and flows (Miller, 1985) , which cut the north-west margin of the caldera (Fig. 1) . However, the origin of hood, 1985). These rhyolites compose a sequence of older (2·1-1·2 Ma) and younger (1·2-0·79 Ma) lavas, which the Inyo magmas and their genetic relationship to the Long Valley magmatic chamber remain controversial. became compositionally more homogeneous and voluminous with time. The latest are in most respects Older Inyo Domes show chemical and petrographical similarities to the rhyolites of the Mono Craters (Bailey, chemically indistinguishable from early erupted Bishop 1989), whereas the 0·6 ka Inyo flows comprise two SAMPLES AND ANALYTICAL complex commingled lava types: a coarsely porphyritic TECHNIQUES lava (CP), presumably coming from the Long Valley
The samples used in this study cover the entire suite of magma chamber, and a finely porphyritic lava (FP), post-caldera rhyolites erupted within the margins of Long which itself was produced by post-crystallization mixing Valley caldera (Fig. 1) . We follow the terminology and between rhyolitic and dacitic magmas apparently from geochronology of for the geological units. the more northerly Mono Craters source (Bailey et al., We collected 14 obsidians and vitrophyres, rep-1976; Sampson, 1987; Sampson & Cameron, 1987; Hig- resentative of flows that formed the Resurgent Dome gins, 1988; Vogel et al., 1989; Gibson & Naney, 1992) .
erupted between 750 and 650 ka (unit Qef ). The lowGeophysical studies, designed to constrain the shape silica moat rhyolites (units Qmr1, -2, -3) comprise seven and size of the remnant silicic magma chamber at Long felsophyre samples from the eruption interval 530-115 Valley caldera, have established that a relatively large ka. High-silica moat rhyolites include four samples of the (150-600 km 3 ) zone of molten or partially molten material Hot Creek rhyolites (unit Qmrh), erupted between 330 still exists at 7-20 km depth beneath the Resurgent Dome and 290 ka, and three samples of the Mammoth Knolls [see Dawson et al. (1990) and references therein]. These rhyolites (unit Qmrm), erupted between 110 and 97 ka. observations are in accordance with previously presented Sampling of the Inyo rhyolitic domes is difficult because geological models (e.g. Bailey, 1984) , which interpret the of the mingling of the compositionally different lavas. post-caldera volcanism as being related to the cooling However, we attempted to identify end-member comand successive solidification of a residual silicic magma positions at each locality and sampled the different facies chamber thermally sustained by addition of mafic magma at depth.
(CP or FP lavas, respectively) from Deadman Creek SiO 2 ). The first moat rhyolites, which erupted to the NW After crushing of 6-9 kg of glass-rich samples,~200 g of the Resurgent Dome, and the much younger Deer of washed rock chips were pulverized in agate mills. Mountain flow (IC-42) erupted in the south-west of the Whole-rock powders were analyzed on a PW 1404 X-caldera have the lowest SiO 2 contents (<74%). The ray fluorescence (XRF) spectrometer using fused glass later moat rhyolites have SiO 2 contents identical to beads for major elements and Ba concentrations, and the Resurgent Dome. High-silica rhyolites (HSR) are pressed powder pellets for trace elements (Sr, Rb, Y, Zr) . confined to the south-east (Hot Creek rhyolites) and Additional trace elements (Nb, Cs, Hf, Ta, Th, U) and south-west (Mammoth Knolls rhyolites) of the caldera. rare earth element (REE) concentrations were determined All the rhyolites are metaluminous with an alumina by inductively coupled plasma-mass spectrometry (ICP-saturation index of~1·0, and low TiO 2 (<0·32%) and MS). International and internal standards were used P 2 O 5 (<0·06%) contents (Table 1) . Major element diaas monitors of data quality. Reproducibilities of trace grams show linear relationships with decreasing Al 2 O 3 , CaO and TiO 2 ( Fig. 2a and b) . None of the compositions elements by XRF and their agreement with ICP-MS are as extreme as the pre-caldera HSR of the Glass results are better than 2% (Ba <10%). Reproducibilities
Mountain complex (Metz & Mahood, 1991) or early of ICP-MS results are better than 3% with the exception phases of the Bishop Tuff (Hildreth, 1981) . Rhyolites of of Eu, Hf, Dy, U and Th (4-9%). For isotope analyses, the Resurgent Dome have SiO 2 contents comparable 100-150 mg of rock powder were brought into solution.
with those of later phases of the Bishop Tuff (Hildreth, Pb, Sr, and Nd were sequentially separated by employing 1981). standard chromatographic ion-exchange techniques. Total blanks were equivalent to <0·01% and are consequently ignored.
Isotopic compositions were measured on Finnigan Trace element abundances MAT 262 RPQ plus and MAT 261 multicollector ther-The post-caldera rhyolite suite has a larger range in some mal ionization mass spectrometers with eight movable trace elements than the pre-caldera Glass Mountain lavas and nine fixed collectors, respectively, operating in mul-and the Bishop Tuff. For example, Zr contents in the tidynamic (Sr, Nd) and static (Pb) modes. All errors post-caldera rhyolite ( Fig. 2c-e) vary from 85 to 223 reported in the paper are 2 SE for within-run precisions ppm, in contrast to a range of 90-120 ppm for Glass and 2 SD for standards. During the course of analyses Mountain and 90-140 ppm for the Bishop Tuff (Hildreth, an internal Nd standard was monitored, which yielded 1979; Metz & Mahood, 1991 Sr=0·1194. Pb isotope ratios are normalized with large variations (e.g. Nb, 7-17 ppm) but these elements a mass discrimination factor of 0·117% per atomic mass do not approach the extreme values of the pre-caldera unit (a.m.u.) for NBS 981.
lavas, where Nb, for example, reaches 45 ppm. Because of the young age and the low Sm/Nd and U/Pb ratios, all initial Pb and Nd isotope ratios are within analytical precision of measured ratios. This is not true for the Sr isotope system, where age corrections Rare earth elements up to 0·00005 are required; however, errors in the initial The chondrite-normalized REE patterns of all the postand measured isotope ratios are identical for all three caldera rhyolites have a similar shape with steep negative isotope systems. For age correction we used results from slopes for the light REE (LREE) and slightly positive previous K-Ar studies (Bailey et al., 1976 Variations of selected major and trace element concentrations and ratios for post-caldera rhyolites from Long Valley caldera. It should be noted that the major elements define coherent differentiation trends for the entire suite. In contrast, REE and high field strength elements (HFSE) record two fractionation paths. Vectors show the nature and magnitude to which different minerals will fractionate REE and HFSE. Partition coefficients from Arth (1976), Mahood & Hildreth (1983) and Sisson (1994) . VOLUME 38 NUMBER 12 DECEMBER 1997 Dome and LSR to 0·2 in the most evolved HSR (Fig. DISCUSSION  2g) . There are significant variations within the REE Chemical evolution content and REE patterns within single stratigraphic
Compositional trends
units (Table 1) . In general, the oldest post-caldera rhyoThe major and trace element data presented in the lites from the Resurgent Dome are less variable than the previous section demonstrate that the post-caldera rhyyounger moat rhyolites, with the LSR being characterized olites at Long Valley have a large compositional range. by a wide range in HREE and having comparatively
The aim of the following discussion is to establish to elevated LREE. The high-silica rhyolites have a marked what extent this suite represents cogenetic magmas and negative Eu anomaly and slightly lower LREE contents.
to place constraints on the temporal evolution of the Compared with the highly evolved high-silica rhyolites Long Valley magma chamber following eruption of the of Glass Mountain and the early Bishop Tuff, which Bishop Tuff. have relatively flat REE patterns ( Fig. 3a ; Hildreth, 1981;  Estimating the extent of fractional crystallization in Metz & Mahood, 1991) , post-caldera rhyolites exhibit high-silica rhyolites using trace elements has been shown less evolved REE characteristics, greater LREE abund-to be difficult because of the extreme compositional ances and enrichment, and lower HREE contents (Fig. dependence of partition coefficients and the difficulty in 3b). Resurgent Dome rhyolites have REE contents gen-determining starting compositions (e.g. Hildreth, 1979 , erally similar to those of the late phases of the Bishop 1983; Mahood & Hildreth, 1983; Michael, 1983) . FurTuff.
thermore, compositional zonations in silicic magma chambers can be misleading so that models will be influenced by which parts of a magma chamber are erupted.
The post-caldera rhyolites of this study reveal a con-
Sr-Pb-Nd isotope data
tinuous compositional range in their major elements, which could indicate that fractional crystallization is the The Rb and Sr concentrations of the post-caldera rhydominant process governing the evolution from low-to olites range from 109 to 173 ppm and from 39 to 237 high-silica rhyolite. The HSR are characterized by large ppm, respectively (Table 2) . These large Eu anomalies are associated with low Sr pre-caldera rhyolites of Glass Mountains or the early contents (>30 ppm) and are too extreme to be explained Bishop Tuff, which reach 11 000 (e.g. Halliday et al., by any crustal melting model (e.g. Halliday et al., 1991 Halliday et al., ). 1989 Davies et al., 1994 Sr (e.g. Halliday et al., 1989; Davies et al., 1994) . Con-(0·706592-0·706767) and lowest Nd (-2·38 to -2·16); sequently, the Eu anomalies are evidence of extreme low-silica moat rhyolites have lower 87 Sr/ 86 Sr (0·706124-feldspar fractionation. There is a good linear correlation 0·706430) and more radiogenic Nd (-1·44 to -1·31) . between Zr and Eu/Eu * (Fig. 2g) Sr feldspar and zircon crystallized throughout the evolution (0·706507-0·706351) and Nd (-1·87 to -0·74). The iso-of the system. The decrease in Zr from 225 ppm in the tope data of the dominantly low-silica Inyo Domes con-LSR to~100 ppm in the HSR and 80 ppm in the tinue this compositional dependence of the isotope Mammoth Knolls samples (Fig. 2c) Sr=0·706034-0·706195;
The mineral vectors in Fig. 2 demonstrate that small Nd =-1·70 to 0·51). The Nd isotope values lie in the amounts of accessory minerals, such as zircon, allanite range recorded by the Bishop Tuff and pre-caldera Glass or apatite, can have enormous leverage on the shape of Mountain lavas (Halliday et al., 1984 (Halliday et al., , 1989 Davies et al., REE patterns Pb ratios in the post-caldera REE and trace element variations in Fig. 2d , f and h could rhyolites are indistinguishable within the accepted ana-be modelled by combined zircon-apatite fractionation. lytical precision. Pb ratios, however, record a However, the inferred 1% of apatite required to explain significant decrease with time from 19·30 to 19·11. Over-the La/Sm variation is not realistic and requires other all the Pb isotope compositions are similar to values minerals, such as hornblende, which fractionates REE previously reported from the pre-caldera lavas (Halliday in a similar manner to apatite. Previous studies have shown that mineral partition coefficients of major mafic et Davies et al., 1994) . Fig. 3 . Chondrite-normalized REE abundances of (a) post-caldera rhyolites and the pre-caldera Glass Mountain and Bishop Tuff systems (Metz & Mahood, 1991) , and (b) post-caldera rhyolites from Long Valley caldera.
phases (pyroxenes and amphiboles) can be strongly in-With the exception of its influence on the Eu anomaly, major feldspar fractionation would result in only minor fluenced by accessory mineral inclusions enriched in LREE (Cameron & Cameron, 1986; Michael, 1988) . LREE fractionation (Nash & Crecraft, 1985) . Consequently, the majority of REE fractionation of the postRecent ion microprobe studies on hornblende, including rhyolite samples from the Long Valley system, have, caldera rhyolites can be explained by hornblende, zircon and ±apatite, minerals that are among the observed however, confirmed high mineral-melt partitioning for the REE in amphiboles (Sisson, 1994) . The increasing phenocryst assemblage. Absolute REE abundances (Table 1) and inter-REE diagrams (La/Sm vs La/Yb, La/Sm ratio in lavas erupted between 700 and 300 ka (Fig. 5b, below) , therefore can also be explained by Sm, Yb, La) yield coherent trends which can be modelled by 5% hornblende and <0·1% accessory zircon frac-5% fractionation of hornblende (La/Sm~0·1). This percentage exceeds the amount of mafic minerals present tionation (e.g. Fig. 2f and h) . Before 300 ka, LREEenriched minor phases cannot be involved in the fracin the rocks, but does not exclude a control of La/Sm ratios by hornblende and apatite in the genetic evolution tionation assemblage, because of the consistent increase in La/Sm and La/Yb ratio with fractionation (SiO 2 ) of the rhyolites.
Other major phenocryst phases (quartz and feldspars) associated with little change in total LREE abundances. should have little effect on the slope of the REE pattern. VOLUME 38 NUMBER 12 DECEMBER 1997 Hornblende-biotite rhyolites
Rhyolite of Hot Creek
Rhyolite of Mammoth Knolls Ar ages of sanidines (Heumann, unpublished data) .
The rhyolites of Mammoth Knolls (~100 ka) have different trace element and REE characteristics compared with other post-caldera rhyolites (e.g. La N~7 0 compared with >100). Interestingly, however, they lie at the end of the Zr vs Eu/Eu * or Rb/Sr fractionation trends (Fig. 2e  and g ) implying that they have undergone the most extensive fractionation. This conclusion is consistent with their more evolved major element composition, but they are also characterized by higher Th, Ta, Nb and HREE contents than the other post-caldera rhyolites. Because of the extreme LREE partition coefficients of minor phases such as allanite and monazite in highly silicic systems (Evans & Hanson, 1993) , as little as 0·03% fractional crystallization of these phases (Fig. 5d , f and h; below) would explain the observed relative LREE depletion (assuming partition coefficients of allanites from the Bishop Tuff; Mahood & Hildreth, 1983) . This small degree of crystallization is insufficient to produce significant depletion in highly incompatible elements such as Nb and Ta. Furthermore, allanite is, next to possibly biotite, the only cogenetic mineral that can lower the La/Sm ratio. Zircon saturation temperatures for the Mammoth Knolls are the lowest of all post-caldera rhyolites, at the end of a decreasing temperature trend from 780°C to 720°C over a period of 500 kyr (Fig. 5a,  below) . This observation supports control of the LREE by allanite, similar to the strong temperature dependence on the occurrence of allanite in the Bishop Tuff (Mahood Fig. 4 & Hildreth, 1983) . Therefore the involvement of accessory phases in the petrogenesis of these rocks is likely.
The Mammoth Knolls lavas have many similar chemical Isotopic variations
characteristics to the entire post-caldera rhyolitic suite,
The Long Valley post-caldera rhyolites have a relatively but REE ratios suggest a different fractional crystallization large range in Sr, Nd and Pb isotope ratios. For example, history and isolation from the bulk of the magma system. 87 Sr/ 86 Sr ranges from 0·70604 in the Inyo Domes to In terms of trace element contents, there is a coherent 0·70677 in the Resurgent Dome. Each geographic group temporal evolution of the rhyolite system. With the has a spread in values significantly outside analytical exception of the most recent LSR, there is a gradual error (Fig. 4) . Despite this isotopic variability, the entire depletion in Zr from 730 ka (the Resurgent Dome) to rhyolite suite defines a coherent linear array on a Pb-Sr 97 ka (the Mammoth Knolls). Over the same timescale, isotope diagram (Fig. 4b) between the radiogenic values Sr contents in the HSR become lower, which is in of the Resurgent Dome and the relatively unradiogenic contrast to the LSR and their increased Sr contents values of the Inyo lavas. (Table 1 ). Most trace elements behave compatibly over Several possible processes could have produced this the first 400 kyr (Fig. 5b, d , f and h; below) before significant Pb-Sr isotope variation. First, magmas parincreasing to the values of the Mammoth Knolls, which ental to the post-caldera rhyolites could have progressively are, however, not as enriched as the pre-caldera Glass undergone less crustal interaction with time before enMountain lavas or early phases of the Bishop Tuff ( Fig. tering the magma chamber . Second, melting of the lower 5d and e, below). This implies that either two distinct crust because of basaltic underplating (Hildreth, 1981 ; magma systems (HSR and LSR) exist or that at~400 ka Huppert & Sparks, 1988) could be a disequilibrium batches of high-silica rhyolites were effectively separated process, with initial melts being more radiogenic as a from a low-silica volume, because of, for example, the result of preferential biotite breakdown and subsequent stratification of the chamber. The coherence of the major melts being more controlled by feldspars (Tommasini and trace element variations would appear to favour the & Davies, 1997). These models, however, appear very arbitrary, particularly if the long-lived nature of the silicic second alternative. system is taken into account. In addition, >600 km 3 of Mixing silicic magma had already been produced in the area, The linear correlation defined by the Pb-Sr isotope much of which has lower initial Sr isotope ratios than ratios of the post-caldera lavas, between Resurgent Dome the post-caldera magmas, so that it is difficult to argue magma and later erupted lavas, places stringent conthat the relatively small volume of the more recent straints on the compositional nature of the magma added magmatism caused significant changes in the physico-to the system. The shape of mixing curves on a Pb-Sr chemical structure of the crust. The favoured in-isotope diagram is a function of the concentrations and terpretation of the isotope data is that the rhyolite suite isotopic compositions of the respective end-members. represents the product of a single system formed by Binary mixing calculations (Fig. 6) (Fig. 5c ). This observation rules out the mixing curves for this scenario were calculated assuming entire rhyolite suite being cogenetic and produced by anti-correlated Sr and Pb concentrations. A good fit can fractional crystallization. The isotopic data imply an open only be achieved with Sr/Pb ratios of 10-20. High Pb system with semi-continuous addition of material to the concentrations (15-20 ppm) and Sr between 200 and magma chamber with less radiogenic Pb and Sr isotope 300 ppm are required for realistic amounts of magma ratios (Fig. 4b) . Because of the radiogenic Sr and Pb addition. Higher Sr concentrations are permissible (up isotope composition of the crust in the Long Valley to 500 ppm), but then at least 30 ppm of Pb is required region [see Davies et al. (1994) for a review] the coupled to attain a low hyperbolic curvature. In the preferred decrease in Pb and Sr isotope ratios with time cannot scenario (curve D or E, Fig. 6 ), this would require a be ascribed to upper-crustal interaction of the magma magma recharge of~40% to the system. Although the while residing in a magma chamber. In addition, the inferred Sr concentrations can be found in rhyolites and vast majority of post-caldera lavas have low Rb/Sr ratios less evolved dacites or basalts, high Pb concentrations so that the production of radiogenic Sr from in situ can only be expected in already highly fractionated radioactive decay in the magma chamber will be small, magmas, such as rhyolites. With the Resurgent Dome in marked contrast to the pre-caldera lavas, which have magma as the probable end-member, none of the later Rb/Sr ratios up to 3600 (Davies et al., 1994) . We therefore erupted rhyolites at Long Valley have the major or trace conclude that the Pb-Sr isotope relationship is recording element composition required to fit observed isotopethe progressive introduction of more juvenile magmas trace element mixing curves. In addition, post-caldera from depth to a magma body that survived eruption of basaltic lavas (Cousens, 1992) Pb/ The coherent coupling of isotope ratios is much less that are too high to serve as mixing pronounced for Nd isotope data from the post-caldera end-members. Moreover, their different trace element rhyolites. However, there is a general correlation, in-contents and Pb/Sr ratios produce mixing hyperbolas dicating higher Nd with time ( Fig. 5a) (Fig. 4a) . This temporal evolution in In Fig. 7a Sr i with time is correlated with Sr concentration. signatures. Similar conclusions have been drawn from However, the very similar Pb/Sr ratios required for the previous isotope studies on the pre-caldera rhyolites and near-linear Sr-Pb correlation, coupled with the temporal the Bishop Tuff (Halliday et al., 1989; Davies et al., 1994) , isotopic variations and the large differences in major which established a change in Nd isotope compositions element composition of contemporaneous magmas (e.g. at~1·2 Ma with Nd from -3·9 to -2·6 before 1·2 Ma HSR and LSR), argue against a mixing process being and from -1·2 to -0·5 thereafter. The contrast between solely responsible for the compositional variations. The the coherent nature of the temporal variations in Sr-Pb major and trace element trends outlined in the previous isotope ratios of post-caldera rhyolites and the greater sections lend support for a fractionation process to explain variation of the Nd isotope data implies that the magmas the variations in Sr concentrations in combination with added to the system did not have a constant Nd isotope a temporal decrease of Sr isotope compositions. Consequently, to satisfy the demands imposed by the Pb-Sr ratio. Pb diagram with hypothetical mixing curves between a Resurgent Dome end-member A and end-member B which has an isotopic composition of the pre-caldera mafic and intermediate lavas (Nielsen et al., 1991) . Curves a-g represent mixing hyperbolas with Sr/Pb ratios varied between 600 and 1·67 (see text for detailed discussion).
isotope relationships and the apparent inadequacies of a system is provided by the Rb-Sr isotope systematics of lavas from the Resurgent Dome. They record a negative simple binary mixing, a compositionally similar magma slope on an Rb-Sr isochron diagram (Table 2) , implying with different isotopic ratios must have been added to that less radiogenic magma had been introduced to the system more or less independently from the processes the magma chamber to mix with material remaining that caused the compositional variations in major and immediately after the caldera-forming eruption of the trace elements amongst post-caldera rhyolites. Hence a Bishop Tuff. The implied mixing relationship requires model more complex than two-component mixing is addition of a magma with a relatively high Rb/Sr ratio required to explain the post-caldera evolution of the (>2) and an initial Sr isotope ratio <0·7065. It appears system. highly unlikely that a partial melt from the crust would have these characteristics. Therefore it is probable that this magma had undergone significant fractional crys-
Origin of high-silica rhyolites
tallization to produce a moderate Rb/Sr ratio before The temporal evolution of the Sr isotope ratios records mixing with magmas that remained in the chamber after a distinction between the HSR and LSR. The LSR eruption of the Bishop Tuff. have initial 87 Sr/ 86 Sr ratios that are~0·0002 lower than Previous isotope studies have suggested extended preapproximately contemporaneous HSR (Fig. 5b) . Th disfor derivation of the HSR and LSR from different sources. equilibrium, a fractionation event between 6 and 100 ka. The coupled temporal variations in Pb-Sr isotope ratios, Hornblende and allanite in CP lavas appear to have however, argue against different source regions for LSR formed 20 kyr before eruption (Sampson & Cameron, and HSR, and imply that the two suites are derived from 1987). Zircon crystallization ages (~200 ka) from LSR different parts of a single evolving magma system. and HSR from Mammoth Knolls and Deer Mountain Further evidence for progressive addition of magma appear to precede eruption ages by~100 kyr (Reid et al., 1997) . Unfortunately, few of the post-caldera rhyolites with relatively unradiogenic Sr to the Long Valley magma from the initial ratios defined by the regional isochrons of the pre-caldera rhyolites (Halliday et al., 1989; Davies et al., 1994; Davies & Halliday, 1997) . The lavas which define the isochron were erupted over an~18 kyr period (115±3 ka to 97±6 ka; Bailey et al., 1976; Mankinen et al., 1986) . The age defined by the Rb-Sr isochron is outside the uncertainty of the eruption age of the lavas. The difference between the eruption ages and the Rb-Sr isochron implies a minimum magma residence time of 35 kyr and a maximum close to 200 kyr. The latter time approaches the values obtained from the pre-caldera Glass Mountain rhyolites (Davies et al., 1994; Davies & Halliday, 1997) .
Although Rb-Sr whole-rock isochrons have potential problems arising from magma mixing, it has to be noted that the HSR are homogeneous glass (>80%) and that plots of initial =0·62). Despite the general mixing trend documented in the Pb-Sr isotope relationship of all postcaldera rhyolites over the past 600 kyr, the Mammoth Knolls rhyolites record no petrologic, isotopic or chemical mixing, in contrast to the mingling of the Inyo lavas (e.g. Sampson & Cameron, 1987; Higgins, 1988; Vogel et al., 1989; A. Heumann, unpublished data, 1997) . Moreover, an internal Rb-Sr isochron on minerals and glass of the dome with the highest Rb/Sr ratio yields an identical age, and initial results from a 230 Th-238 U disequilibrium investigation lend support of extended magma storage prior to eruption (Heumann et al., in preparation) .
These data therefore appear indicative of significant pre-eruption formation of magmas comparable with re- (Sampson et al., 1984; Halliday et al., 1989; Christensen & DePaolo, 1993; Davies et al., 1994; Heumann et al., 1995; Dunlap & Gill, 1997; Reid et al., 1997) . have Rb/Sr ratios high enough to allow an assessment These data also provide important constraints upon the of their magma residence times. The exceptions are the physical nature of the magma system. To preserve a preyoungest HSR (~100 ka) in the west moat of the caldera eruptive isochron, the different magma batches must at Mammoth Knolls, which have Rb/Sr ratios up to 4·7. have been formed from magma(s) having identical initial Three domes (~0·1 km 3 ) were erupted in this region Sr isotope ratios and subsequently have been isolated. along with a large LSR lava flow (<0·6 km 3 ) and the Mixing within the chamber and significant fractional small LSR lava dome of Deer Mountain (IC-42). The crystallization would disrupt any isochronous reDeer Mountain dome has Pb and Nd isotope ratios that lationships [see Halliday et al. (1989) ; Halliday (1990) and are indistinguishable from the HSR, and also has similarly Davies et al. (1994) for more extensive discussion]. We elevated incompatible trace elements (e.g. Y and Nb; are unable to make any further unequivocal conclusions, Table 1 ), suggesting that it is cogenetic with the HSR of but the physical-chemical stratification of the upper, the Mammoth Knolls. Given the chemical, isotopic, more evolved, sections of a magma chamber appears spatial and temporal similarities of the Deer Mountain the simplest and most logical geometry to explain the sample with the Mammoth Knolls we have included the observed isotope and trace element relationships. sample in the Mammoth Knoll suite.
Unfortunately, no further age relationships can be When plotted in a conventional Rb-Sr isochron dia-obtained from the Rb-Sr isotope system of the postgram (Fig. 7b) , the rhyolites from Mammoth Knolls and caldera rhyolites, because of their low Rb/Sr ratios. A Deer Mountain define an isochron age of 277±124 ka U-Th study is under way in an attempt to confirm the with a mean square weighted deviation (MSWD) of 0·62. above age relationships and to determine the residence times of the youngest (post 300 ka) lavas. The initial ratio is 0·7063, which is indistinguishable VOLUME 38 NUMBER 12 DECEMBER 1997 to erupt. Moreover, the coherence of the chemical and Physical evolution of the post-caldera Long thermal evolution of rhyolites ( Fig. 6 ) with time suggests
Valley magma chamber one common magmatic reservoir and open-system Previous geological models of the magma chamber condifferentiation. figuration at Long Valley (Bailey, 1984) were based on Another significant observation is that the trace element the assumption that differences between early rhyolites concentrations become significantly more variable after of the Resurgent Dome and the moat rhyolites could be~4 00 ka. Before this time, trace element contents are accounted for by the onset of cooling and crystallization constant or decrease in the low-silica rhyolites and no of the Long Valley magma chamber. Later in post-caldera high-silica rhyolites are produced (Figs 2 and 5) . After time, differentiation processes in the upper reaches of 400 ka, the first high-silica rhyolites are erupted, and the magma chamber led to the formation of the less with time they become chemically more fractionated. voluminous high-silica moat rhyolites (Bailey, 1984) de-Given the isotopic evidence that the Mammoth Knolls rived from a dominantly low-silica volume (Hildreth, have been isolated from the main body of the magma 1981). Addition of mafic magma at the root zone of the chamber, we interpret the increased trace element varimagmatic system was suggested to play a pivotal role in ability as evidence that sections of the magma chamber sustaining the longevity of the rhyolitic magma chamber. became spatially separated and/or stratified at about this The results from this study generally concur with the time. Subsequent magma addition did not mix with the model of Bailey (1984) for the Long Valley magma entire magma chamber. Consequently, the Sr isotope chamber, but in detail argue for a second rhyolitic melt differences between contemporaneous high-silica rhyobeing added and mixed into a residual magma reservoir. lites and low-silica rhyolites can be interpreted as a The conclusions reached in this study imply that an consequence of sampling different levels of the magma extensive crustal magma reservoir survived eruption of chamber, which are simultaneously changing comthe Bishop Tuff and still exists beneath the Long Valley position with time. The low-silica rhyolites represent the caldera. Rhyolite genesis is a complex multi-stage process deeper and better mixed portion of the magma chamber with rhyolitic magmas formed before entering the high-whereas the high-silica rhyolites are derived from the level magma chamber, where they are extensively modi-stratified upper layer of the chamber that is gradually fied and stored.
growing as the underlying chamber cools and differEarly post-caldera rhyolites reveal marked chemical entiates following each new addition of magma. similarities with the late erupted Bishop Tuff. The Rb-Sr
The Sr and Pb isotope compositions of high-silica isotope mixing relationships defined by the Resurgent rhyolites are indistinguishable from those of preceding Dome (Table 2 ; Fig. 7a ) provide strong evidence that, low-silica rhyolites (Fig. 5e) . The Rb-Sr isochron of the immediately after eruption of the Bishop Tuff, the magma Mammoth Knolls lavas establishes that at least some of chamber retained magma cogenetic to the Bishop Tuff the high-silica rhyolites have been isolated for tens to eruption and that, subsequently, magmas with high Rb/ hundreds of kyr, and hence in terms of their isotope Sr and low 87 Sr/ 86 Sr were added to the chamber. This compositions should be compared with older low-silica process may have been initiated when the magma par-rhyolites (Fig. 5e) . Identical Sr and Pb isotopic comental to the Bishop Tuff was still present in the magma positions of low-and high-silica rhyolites imply their chamber. Recent studies of melt inclusions in the lower near-contemporaneous formation. Study of the isotopic Bishop Tuff lend support to the presence of a second temporal evolution ( Fig. 5e and g ) requires that fracrhyolitic magma, which probably was introduced into tionation produced the high-silica rhyolites from the main the magma chamber shortly before eruption (Lu et al., low- silica magma body at rates in excess of~4×10 -5 km 3 / 1990; Dunbar & Hervig, 1992; Hervig & Dunbar, 1992) . year. Unfortunately, the age resolution used to constrain Rhyolites intruded into the collapsed caldera roof these production rates is poor, such that comparison with (McConnell et al., 1995) and extrusion of Resurgent the higher production rates for pre-caldera magmas (up Dome lavas shortly after the Bishop Tuff eruptions appear to 7·5×10 -4 km 3 /year; Davies et al., 1994 ) is premature to have tapped the same magma reservoir and indicate until better age resolution is obtained. The low-silica that magma survived in a chamber despite the cataclysmic rhyolites record how the majority of the magma chamber caldera-forming event. For the first~400 kyr of its has evolved with time and provide a record of how much evolution the system produced rhyolitic magmas at an new magma has been added to the magma system. The average rate of~0·0001 km 3 /year. The small volumes episodic nature of eruptions contrasts with the relatively of magmas erupted hereafter as post-caldera moat rhyo-constant temporal Sr and Pb isotope variations recorded lites do not necessarily demand a large magma chamber. by the lavas. This implies that new magmas are added However, small rhyolitic systems at depths in excess of at a relatively constant rate and that the frequency of 7 km, the inferred location of the magma chamber roof magma addition is on a shorter timescale than the eruption history of the entire system: i.e. <100 kyr. (Dawson et al., 1990) systems (e.g. Chen et al., 1993; DePaolo et al., 1993; Christensen, J 
